In this chapter we pull together the common threads of the other chapters of this book. In doing this we identify a number of issues that need further research. Rather than repeating what has been said before, we identify the features that stand out because they are unexplained, previously unrecognized or just neglected. We argue that to understand alternative reproductive tactics (ARTs) we must use an approach that integrates the study of mechanisms and evolution.
WHAT IS NEXT IN THE STUDY OF ARTS ?
Continuous variation in reproductive characters (behavior, morphology, physiology) is found in all species but the real puzzle comes in understanding the special cases in which variation is discontinuous and thus constitutes consistent, discretely different ways of achieving reproduction for animals within one population. If one phenotype were just a little less successful than the other, then we would expect it to be eliminated from the population over time by natural selection. It is for this reason that the maintenance of ARTs is an evolutionary puzzle. ARTs are also a puzzle to geneticists, physiologists, and developmental biologists who must explain how one genetic and developmental program can result in two different phenotypic outcomes. Our chief challenge is to draw together the genetic, developmental, behavioral, and physiological views of ARTs to understand the evolution of the mechanisms that we see as alternative phenotypes.
Categories of ARTs
Discontinuities in behavioral, morphological, or physiological traits can be difficult to detect (Eberhard and Gutiérrez 1991 , Emlen 1996 , Kotiaho and Tomkins 2001 , Tomkins et al. 2005 , but many clear examples are illustrated in the chapters of this book. In some cases authors describe continuous variation by the extremes and this has made it difficult to be sure whether particular cases are true ARTs or not. For example, singing to attract mates in male crickets may be highly variable with some individuals singing much of the night whereas others utter only a chirp or two, a continuous pattern in which the two ends of the continuum may be described as singing and nonsinging male behavior. Certainly the development, mechanisms, and maintenance of such variation is intriguing, but the processes involved are likely to be different from those acting on two (or more) discretely different kinds of males, singers and nonsingers described by a bimodal distribution (e.g., threshold mechanisms, disruptive selection). Often, suites of behavioral, morphological, and physiological traits are correlated with alternative phenotypes and it may be that some of these traits are discontinuous whereas others are continuous, but as long as the reproductive functions are discrete, then they are ARTs. The study of ARTs has been hampered by typological thinking about mating systems that ignores significant and consistent variation. Parasitic tactics were often considered to be mistakes or desperate maneuvers by animals with no hope of achieving success. The result is that one of the most important unresolved issues for the study of ARTs is that many are poorly or incompletely described. Good descriptions are crucial to our ability to study the phenomenon. For example, some of the best-studied ARTs turn out to have three phenotypes (Chapters 9, 10, and 12) , Differences between these phenotypes in social interactions (such as territoriality or aggressiveness), mating, and life-history patterns can result in cyclical dynamics such as rock-paperscissors (Sinervo and Calsbeek 2006 ARTs have been categorized in a number of different ways. As discussed in Chapter 1, "tactics" and "strategies" are not easily distinguished and imply a dichotomy between genetic and nongenetic control that is not useful (e.g., nature vs. nurture; see Section 20.3), so we do not support this distinction and refer instead to all cases as tactics. Tactics are governed by evolved decision-making rules, whatever the underlying mechanism. Many authors also distinguish ARTs that are associated with a genetic polymorphism from those that are conditional (i.e., influenced by individual status, condition, age, or environmental conditions). We now know that environmental conditions often affect the expression of genetic polymorphisms (Chapters 10 and 12) , that thresholds of genetically based tactic expression may vary even within populations (Chapters 5, 8, and 10) , and that genetic differences may affect the expression of condition-dependent tactics (Chapter 5). Therefore, the distinction between genetic polymorphism and conditional tactic does not seem useful. Rather, we consider gene-environment interactions to be of paramount importance in understanding reproductive tactics. Well-adapted animals are expected to switch from one tactic to another so that fitness is maximized, i.e., they should always be making the best of their situation. With ARTs individuals allocate resources to either one or the other (mutually exclusive) way of achieving the same functional end (reproductive tactic) using evolved decisionmaking rules (i.e., the tactics are adaptations). We suggest that ARTs should be categorized in the same way as other alternative allocation phenotypes such as sex allocation (Figure 1 .1; Chapter 2) (Henson and Warner 19 97 , Taborsky 1998, Brockmann 2001) and alternative life histories (WestEberhard 2003) . When this is done, theory developed for other alternative allocation problems (e.g., sex allocation, alternative life histories) can be readily applied to ARTs.
In a remarkable convergence of views, those studying ARTs primarily from an evolutionary perspective (e.g., Taborsky 1998 , Brockmann 2001 ; Chapter 1) and those studying the underlying mechanisms of ARTs (Chapters 6 and 7; Moore et al. 1998 ) have arrived at the same system for classifying ARTs (Figure 1 .2). Both approaches view ARTs as either fixed or plastic during the life of an individual and among the plastic tactics, as either irreversible switches that occur at a particular age, condition, or under particular environmental situations, or fully reversible through the adult life of an individual. Fixed ARTs are thought to be due to organizational effects whereas plastic ARTs involve activational processes during the adult life of the individual. In many cases fixed ARTs are known to involve a switch mechanism (Chapters 5, 6, 7, 8, and 10) during the development of the individual (e.g., horned beetles: Chapter 5), so the differences between the two processes may be a matter of developmental timing rather than a fundamental differences in underlying processes. Nonetheless, identifying these patterns has allowed both evolutionary and mechanistic studies to begin to identify the factors controlling the expression and evolution of ARTs.
The ARTs literature has emphasized males but cases of female ARTs are scattered among most taxonomic groups. Female ARTs include brood parasitism (Chapters 8 and 12); tactics to avoid male coercion (Chapters 8 and 18); reproductive dominance and suppression (Chapters 8, 14, and 15); alternative colony-founding tactics (Chapter 8) and cobreeding (Chapter 19); monandry and polyandry (Chapters 12 and 19); differences in fecundity or investment in eggs (Chapters 2 and 12); and consistent differences among females in preferences for males (Chapters 13, 17, and 18) . As with males, female ARTs can be expected to evolve under conditions of intense intrasexual or social competition and high reproductive skew. Since females are generally thought to be under less intense sexual selection than males, it is not surprising that female ARTs are less common. Of course, it is also possible that female ARTs, like female sexual behaviors generally, are simply less easily observed than male ARTs. Certainly, condition-dependent and frequency-dependent fitness effects can occur in females so it is important to search for female ARTs more explicitly if we hope to understand the evolution of reproductive behavior.
Crossing fitness curves and beyond: the importance of modeling
ARTs are found across a wide range of taxonomic groups and across different stages of the reproductive process. ARTs occur most often in the context of intrasexual selection when (a) there are reproductive opportunities for those individuals that opt out of costly or high-risk malemale interactions to seek mating opportunities under less competitive circumstances (e.g., fighting vs. dispersing males); or when (b) parasitizing of costly male investment (e.g., bourgeois vs. parasitic males) can result in fitness gains, and (c) patterns arising in response to intersexual selection are much less common but include female choice for direct benefits (e.g., useless nuptial gifts) and mate conflict (e.g., noncourtship and forced copulation Even this simple model, however, is rarely tested experimentally. It should be possible, for example, to change the proportions of the tactics in a population and predict a change in their fitness. It should also be possible to change the pay-offs to the tactics and thereby predict a change in their frequencies. Such experimental approaches are required to determine whether our view of the evolution of ARTs is supported. Better models are needed for understanding ARTs. Current theory is generally based on fixed rather than dynamic fitness functions. New models need to incorporate differences in individual condition and status and the mechanisms and decision rules by which tactics are switched, as well as frequency and density dependence (and their interactions) (Chapter 4). Such models will require dynamic game modeling as well as measures of physiological condition and the benefits that accrue to alternative tactics. The dynamics of between-sex interactions are as important to understand as the dynamics of within-sex interactions. For this reason both male and female tactics and malefemale conflict need to be incorporated into modeling efforts (Chapter 18). Models predict that females should adjust their mating decisions to males of different tactics depending on their condition and the relative fitness gains associated with direct vs. indirect benefits. Multilevel games will be important when female choice affects the pay-offs to males choosing among ARTs and when the frequency of male tactics affects the pay-offs to females in their choice among reproductive tactics. Furthermore, the success of alternative phenotypes often depends on spatial and temporal dynamics. In some well-studied cases (e.g., Chapters 12 and 13), fitness is affected by the number of, distance from, and morph of neighbors, as well as habitat characteristics and seasonal patterns. Recent modeling efforts (Formica et al. 2004 , Hamilton et al. 2006 , Koseki and Fleming 2006 , Vercken et al. 2007 show that the frequency and coexistence of ARTs are shaped by such spatial and temporal dynamics. Modeling of complex systems like ARTs is crucial because it reveals hidden assumptions and often results in counterintuitive predictions.
Equality of fitness?
As Darwin (1871) observed, when two differing male forms are found in the same population at the same time, both must have "certain special, but nearly equal advantages from their differently shaped organs." This general expectation for equality of fitness and evolutionary stability for alternative phenotypes has been supported in a number of cases where mixed evolutionarily stable states (ESSs) and frequency dependence are involved (e.g., Chapters 9, 10, and 12). However, many studies have demonstrated that alternative phenotypes are maintained in populations without equal fitness. It is generally agreed that the majority of these ARTs are conditional on environmental, social, or individual status (e.g., Chapters 8, 11, 14, and 15). When each individual follows a conditional tactic that maximizes its fitness, equal success among the tactics is unlikely (Chapter 2; Repka and Gross 1995) . There are studies, however, in which differences in success between morphs are almost certainly attributable to the fact that it is very difficult to measure the reproductive success of both tactics with equal reliability. In general the sedentary, monopolizing, and higher-variance or bourgeois tactic has been found to have higher fitness than the dispersing, sneaker, lower-variance or parasitic tactic, which is also the tactic whose fitness would be most difficult to measure. In particular, the success of all males must be counted including those that disperse, those that die before reproducing, and those that never inseminate any females (Chapter 9). This almost certainly means that some studies have prematurely claimed unequal fitness between tactics (Shuster and Wade 2003) .
Many of the assumptions we have made in the past about costs and benefits of alternative tactics are being challenged. Most studies have assumed that females would not choose to mate with parasitic males if given the option and indeed there is experimental evidence for this in some species Warner 2000, Gonçalves et al. 2005) . However, in several recent studies, females have been shown to mate polyandrously both with the faster-growing parasitic males, thereby increasing their indirect benefits, and with parental males, thereby increasing their direct benefits (Chapter 17; Neff 2004 ) . In still other species females apparently mate preferentially with parasitic males to increase genetic benefits but also with aggressive, monopolizer males to reduce the costs of male coercion (Watters 2005) . Such female preferences may help to explain the frequency of "cuckoldry" in many ARTs systems and the apparent tolerance that some bourgeois males show toward satellite or parasitic males.
Competition and cooperation in ARTs
Although most male ARTs have been viewed as highly competitive, there is increasing evidence that cooperation can be an adaptive competitive tactic (Taborsky 2001) . If females copy the mate choice decisions of other females or if females actively prefer multiple males (for example, to ensure fertilization of all the females' eggs), then a bourgeois male may gain from the presence of satellite males (Chapters 10 and 13). Cooperative behavior offered by reproductive parasites to bourgeois competitors may reduce the costs of competition for both parties, or provide incentives to the bourgeois male to be more tolerant of the parasite's presence. In some species males can increase their success by allowing particular males (e.g. dull yearlings or males of the same morph) to occupy adjacent territories (Chapters 12 and 13) or by forming alliances with other males (Chapters 14, 15, and 19). The pay-offs to competitive interactions are likely to be dynamic and the degree of reproductive skew variable, ranging from competitive to neutral to more beneficial for one party or the other. The spatial and temporal dynamics of reproductive pay-offs will be influenced by individual status, social conditions, and frequency dependence, which means that extensive modeling of these systems will be required.
Evolution of tactic frequencies and the importance of frequency dependence
Models with crossing fitness curves predict the stable frequency of alternative morphs in the population. Considerable theory exists for the evolution of sex ratios (stable frequencies of two sexes in a population : Charnov 1982 , Hardy 2002 ), but there is little information on the population-wide frequency of other alternative phenotypes (Chapter 2). When alternative tactics are frequency dependent then they should evolve like sex ratios. Factors such as the relative costs of producing the two morphs (cost ratios) and the relative reproductive values of the two morphs should affect equilibrium morph ratios as they do sex ratios. To add another level of complexity, combinations of conditional and pure or "mixed strategies" (e.g., gynodioecy) are well-known sex-allocation patterns (Chapter 2) and models suggest that such combinations should also occur in ARTs (Hazel et al. 2004 , Plaistow et al. 2004 . Trimorphic ARTs are also frequency dependent, often with rock-paper-scissors intransitivities that result in cyclical patterns of morph frequencies (Sinervo and Calsbeek 2006) . However, not all ARTs are frequency dependent; in some cases ARTs evolve in niches in which some fitness can be achieved. In these cases morph ratios should reflect the relative frequencies of the two niches in the environment (Chapter 2). Both frequency dependence and density dependence can maintain alternative phenotypes in a population. Frequency and density dependence often interact in complex ways (Chapter 19). For example, in the damselfly Ischnura ramburi, one female morph mimics males thus avoiding costly matings, but since males learn to recognize male mimics, the system shows negative frequency dependence (the rarer morph is more successful; Chapter 8). However, the mating cost to females (male mimics) is incurred only at high densities, so the intensity of frequency-dependent selection in this system changes with density (Brockmann 2001 , Sirot et al. 2003 . This means that population-level differences in demographic structure (e.g., density and operational sex ratio) can affect the social context for mating and influence the direction of sexual selection at different temporal and spatial scales (Chapter 11).
Although generally regarded as important for the maintenance of ARTs (and for maintaining other polymorphisms), few studies have evaluated frequency dependence experimentally (Conover and van Voorhees 1990 , Hori 1993 , Basolo 1994 , Roff 1996 , Giraldeau and Livoreil 1998 , Olendorf et al. 2006 . If frequencies of a morph are manipulated then changes should occur in the reproductive success of the manipulated and alternative morphs and predicted population-wide adjustments in frequencies should follow.
Information is important
Those studying ARTs often stress the importance of knowing the environmental information available to the individual and the value of that information in affecting the expression of alternative tactics. For example, when little information is available about the association between behavior and fitness, then mixed strategies are favored (Brockmann 2001) . Environmental predictability is often mentioned as a selective pressure favoring alternative tactics but few studies have examined the ability of individuals to detect and evaluate this variable and to act on the basis of such information. Clearly, the amount and nature of the information available to individuals and the benefits and costs associated with gathering and responding to this information will influence the evolution of ARTs (Leimar et al. 2006) .
ARTs are also shaped by the communication networks in which they occur. The presence of eavesdroppers such as social competitors and predators will affect the evolution of signals associated with reproductive tactics (Chapter 16). For example, bourgeois males reduce their courtship signaling behavior when the reproductive success of both females and bourgeois males declines with increasing numbers of parasitic males (Alonzo and Warner 1999) . Selection will favor females that either thwart or encourage eavesdropping by parasitic males depending on whether females lose or gain fitness from mating with these individuals.
Some ARTs depend on misinformation. For example, male damselflies apparently cannot distinguish male mimics from males (Sherratt 2001) and male peacock blennies cannot distinguish female mimics from females . Such mimicry systems depend on morphspecific costs and benefits as well as on an underlying mechanism for mate recognition. If, for example, mating is costly to females and males learn to recognize females then rare morphs will always have an advantage, a frequencydependent effect that will maintain variation in female traits (Fincke et al. 2005) . A quantitative, decision-theory approach (Dall et al. 2005) to analyzing the information available to individuals is needed to understand both the evolution of and mechanisms underlying ARTs.
Understanding trade-offs
The evolution of alternative tactics is grounded in the notion of trade-offs: allocating resources in one direction will reduce alternative possibilities. For example, dispersing males reduce the costs of fighting or maintaining territories but they do not attract females, they are exposed to increased levels of sperm competition, and they may have a shorter lifespan. Animals that need wings for flight must expend resources on developing flight muscles, resources that then cannot be used for other activities such as producing eggs.
This intuitive concept of trade-offs as direct competition for limited resources among different body functions has been examined in studies of wing-dimorphic crickets. The greater ovarian growth and reduced lipid biosynthesis of the wingless morph relative to the winged morph was found to result from the differential allocation of internal reserves to the two traits (Zera and Harshman 2001) . Knowledge of the underlying basis for trade-offs will help evolutionary biologists understand the likely evolutionary trajectory for ARTs and assist physiologists in understanding the developmental expression of ARTs (Emlen 2001 , Simmons and Emlen 2006 .
Origin and evolution of ARTs
ARTs are found more commonly in some groups than in others (e.g., Chapters 8 and 11). To some degree this bias results from differences between taxonomic groups in their depth of study, but clearly this is not the only explanation. ARTs occur most commonly in groups with intense sexual selection; where there are large investments by males or females; when males have the ability to monopolize some mating opportunities; and when opportunities exist to partially fertilize clutches of polyandrous females (Chapters 2, 8, and 11). ARTs can magnify intrasexual variance in reproductive success and may lead to more intense sexual selection on some male tactics than on others.
ARTs seem particularly common among fishes (Chapter 10). The factors that may influence the frequent evolution of ARTs in fishes include the presence of indeterminate growth, which results in large size differences among males; external fertilization, which selects for large quantities of sperm and the opportunity for sperm competition; and the frequency of parental care, a highinvestment tactic that can be exploited by other males. One tentative conclusion about the phylogeny of male ARTs (as described for three groups of fishes) is that although ARTs arise repeatedly during the course of evolution, they are found only at the tips of branches (Chapter 3). This means that ARTs rarely become permanent features of deeper clades. This is not surprising since the frequency of ARTs is so responsive to environmental and social conditions, which means that one of the morphs can easily go extinct (Chapter 3). However, once ARTs have evolved and there is a developmental uncoupling of dimorphic structures and behavior, then the alternative tactics may evolve at least partially independently (Chapter 5; West-Eberhard 2003) .
Integrating mechanisms with evolution
One important remaining challenge for the study of ARTs is to understand how the mechanisms that cause variants to arise are favored by selection. When we say that ARTs have evolved in a lineage, we mean that a developmental process has caused a change in the phenotype of some individuals in that lineage. That process is likely affected by genetic, physiological, and environmental factors. There are two established mechanisms that will produce dimorphism, a threshold mechanism and a change in the scaling of the power relationships among traits (Chapters 5, 6, 9, and 10). When differences in phenotype are due to heritable differences in the underlying mechanism and when these differences result in fitness differences then selection on the mechanisms will occur. When disruptive selection is combined with heritable developmental threshold mechanisms, then genetic correlations between tactics will be minimized by partially uncoupling gene expression of the alternative tactics permitting them to evolve along independent trajectories. This mechanistic model for the evolution of ARTs needs to be verified and many questions remain. What genes are involved in these threshold mechanisms and are there patterns or homologies for the genes affecting ARTs? How does the genetic architecture of ARTs change as tactics evolve and are there common patterns or underlying constraints in this process? Are there constraints on the underlying mechanisms that affect the kinds of options that are available as ARTs or that make some ARTs more common than others (e.g., the frequency of sexual mimicry would suggest that this is the case)? A fully integrative approach is needed to answer these questions, an approach that unites mechanistic studies with evolutionary modeling and empirical tests.
WHAT DOES THE STUDY OF ARTS TELL US ABOUT OTHER BIOLOGICAL PROBLEMS?
ARTs provide a valuable tool for understanding biology, from genes through development and physiology to behavior and morphology. The reviews in this book have demonstrated that ARTs are common among organisms and that alternative phenotypic pathways have evolved multiple times (Chapters 3 and 5; Emlen et al. 2005) . This means that ARTs provide a rich pallet from which to investigate a number of important biological questions. ARTs are also part of a much larger category of alternative allocation phenotypes that covers a wide diversity of animal adaptations (Chapter 2). Just as the study of sex allocation or game theory can improve our understanding of ARTs, the study of ARTs can provide insights into the mechanisms, evolution and maintenance of variation in populations.
20.2.1 The control, origin, and evolution of complex phenotypes (suites of characters)
From a mechanistic perspective, one of the most remarkable (and valuable) features of ARTs is that there is a dissociation between the control and expression of ARTs (Chapter 7, Figure 7 .1). Most animals show clear differences in morphology, physiology, and behavior between males and females. But in species with alternative tactics one sex may look and act like the opposite sex. For example in the damselfly Ischnura ramburi, females of one morph (andromorphs) are physically and behaviorally similar to males, and they are often treated like males (Chapter 8; Robertson 1985 , Sirot et al. 2003 . In many fish species such as bluegill sunfish and peacock blennies, parasitic males mimic females in appearance and behavior and thereby escape bourgeois male aggression (Chapter 10; Dominey 1980 , Gonç alves et al. 1996 see Taborsky 1994 for review) . This decoupling of the expression of behavioral and morphological male traits (i.e., secondary sexual characters) from gametogenesis offers unique opportunities to study the proximate mechanisms of reproduction (Moore 1991 , Moore et al. 1998 , Oliveira 2006 ). Causal mechanisms underlying individual variation in reproduction can be studied much better in species with ARTs, since within-sex variation in reproductive traits is not confounded by the effects of gender. The expression of alternative reproductive tactics is often a function of behavioral plasticity (Gross 1996) , which is primarily triggered by structural reorganization (for slow and long-lasting changes) and biochemical switching (involving neuromodulators such as catecholamines, which allows faster and reversible changes: Zupanc and Lamprecht 2000). Both mechanisms usually depend on organizational and activational effects of hormones (Arnold and Breedlove 1985 , Moore 1991 , Moore et al. 1998 , Oliveira 2006 . In vertebrates sex steroids, glucocorticoids, and neuropeptides are major candidates for the differentiation and maintenance of ARTs (Chapter 7; Brantley et al. 1993 , Nelson 2005 . Because similar regulatory mechanisms are involved in the development and differentiation of sex (Crews 1998 , Devlin and Nagahama 2002 , Godwin and Crews 2002 , Vigers et al. 2005 , the study of proximate mechanisms underlying ARTs has important general implications. In both cases developmental processes need to be considered to understand how factors taking effect early in ontogeny can shape consistent individual variation within and between sexes (see Crews and Groothuis 2005) . Understanding the proximate mechanisms underlying the regulation of ARTs might also help to explain other problems such as alternative life-history patterns (Turner and Grosse 1980 , Meyer 1987 , Lu and Bernatchez 1999 , Jonsson and Jonsson 2001 , Kurdziel and Knowles 2002 
The proximate causes of ARTs and functional genomics
ARTs offer a unique opportunity to study the physiological mechanisms and the genetic architecture underlying the decoupling of traits that are usually present in concordance, since in the parasitic tactic a mosaic of both male and female traits may be present instead of a constellation of genderspecific traits (e.g., species with parasitic males that mimic females in which the maturation of the male gonad is decoupled from the expression of male secondary sex characters and male sexual behavior). Therefore, ARTs provide insight into the proximate mechanisms linking male and female phenotypes under conditions that are not pathological. Neuroendocrinological studies have shown that different neuropeptides (e.g., GnRH, AVT) and steroids are operating either independently or in concert to coordinate the expression of a suite of characters, characteristic of a giv e n tactic (see Ch apters 6 and 7 ). These studies hav e also demonstrated that the decoupling of different male traits in parasitic males may be achieved either by differences in hormone levels or by varying the local microenvironments in the different target tissues, due to differential expression of receptors or to differential levels of activity of catabolic enzymes that modulate the availability of the active hormone to specific targets (e.g., 11-b-hydroxilase and 11-b-HSD that metabolize T into KT). These are key steps in the expression of male secondary sex characters, spermatogenesis, and the modulation of the expression of reproductive behavior in male teleosts (Oliveira 2006 ).
For example, in the protogynous wrasse Halichoeres trimaculatus, which has ARTs, the relative levels of brain steroid receptors vary between alternative reproductive phenotypes, with levels of androgen receptor transcripts being significantly higher in the brain of terminal-phase males than in initial-phase males, whereas no other significant differences in gene expression were observed either for androgen or for estrogen receptors in the gonads or for estrogen receptors both in the brain and in the gonads (Kim et al. 2002) . Thus, by varying the expression of androgen receptors in specific tissues (brain vs. gonad), terminal-phase males can both increase their sensitivity to circulating androgen levels in specific targets (the brain), and at the same time decouple the effects of androgens in different target tissues by varying androgen receptor densities, so that unwanted effects of androgens can be avoided. This mechanism hypothetically makes it possible to activate the expression of an androgen-dependent reproductive behavior in bourgeois males without having the associated costs of increasing spermatogenesis or the expression of a sex character, since the androgen action can be independently modulated at each compartment (brain vs. gonad vs. morphological secondary sex character). Studies focusing on target tissues are thus a major avenue for future research in this area.
One emerging approach when studying target tissues has been the use of functional genomics tools that are now becoming more accessible. DNA microarrays allow the monitoring of large sets of genes (thousands) in key tissues (brain, gonads, somatic ornaments), hence making it possible to identify genes and regulatory networks which are consistently up-or downregulated between alternative sex types. Genes that are differentially expressed in alternative morphs are potential candidates to be involved in the expression of the alternative tactics (Hofmann 2003) . Since ARTs involve differences in the expression of reproductive behavior between alternative phenotypes, this approach has concentrated on comparing the brain gene expression profiles between morphs. In the Atlantic salmon Salmo salar, gene expression profiles were compared between sneaker males and immature juveniles (of the same age) that represent alternative life histories (Aubin-Horth et al. 2005 ). The immature males will later migrate and then return to the breeding grounds where they will reproduce as bourgeois males. Fifteen percent of the genes included in the array (ca. 3000) were expressed differentially between the sneaker and the juvenile immature males (Aubin-Horth et al. 2005). In sneaker males most of the upregulated genes are involved in reproduction and related processes (e.g., gonadotrophins, growth hormone, prolactin, and POMC genes) whereas in immature males upregulated genes are associated with somatic growth (e.g., genes involved in transcription regulation and protein synthesis, folding, and maturation). This reflects at the cellular level the classic life-history trade-off between reproduction and growth, illustrated by these two alternative phenotypes. Another set of genes upregulated in sneakers are involved in neural plasticity (e.g., genes coding for synaptic function and for cell-adhesion glycoproteins that have been implicated in memory formation) and in neural signaling (e.g., genes coding for nitric oxide synthesis, a neurotransmitter involved in the regulation of neuropeptide action). This difference has been interpreted as suggesting that the expression of the sneaker tactic is more demanding at the cognitive level (Aubin-Horth et al. 2005) . Therefore, a functional genomics approach may not only allow the confirmation of expected differences in the profiles of gene expression of specific target tissues between alternative phenotypes, but it may also reveal differences in gene expression between morphs in otherwise unsuspected biological processes (e.g., neural plasticity).
Behavioral syndromes
Ethologists have long realized that there is often consistent behavioral variation between individuals of a species (Bagg 1916 , Lorenz 1935 , Tinbergen 1951 , van Oortmerssen 1971 , Huntingford 1976 , Benus et al. 1987 , Clark and Ehlinger 1987 , Riechert and Hedrick 1993 , Verbeek et al. 1994 . Interestingly, a broader systematic study of the mechanisms underlying such individual variation has begun only recently, but with all the more vigor (e.g., van Oortmerssen and Bakker 1981, Ehlinger and Wilson 1988 , Benus et al. 1991 , Hessing et al. 1994 , Dingemanse et al. 2002 , van Oers et al. 2004 , Both et al. 2005 , Kralj-Fiser et al. 2007 ; reviews in Wilson 1998 , Koolhaas et al. 1999 , Gosling 2001 , Sih et al. 2004a , b, Groothuis and Carere 2005 . The consistent tendency of individuals to behave in a certain way, either in a particular behavioral context (e.g., in resource competition) or across contexts (e.g., in exploration, predator avoidance, and dominance interactions) has been referred to as an animal's coping style, behavioral type, profile, or tendency, or -in analogy to a term used in human psychology -"personality" (Gosling and John 1999 , Kolhaas et al. 1999 , Carere and Eens 2005 , Groothuis and Carere 2005 . Suites of correlated behaviors have been called behavioral syndromes (Sih 2004a, b) , which refers to a property of a population of individuals denoting a correlation between rank-order differences of individuals through time or across situations (Bell 2007) .
The study of ARTs and behavioral syndromes has much in common. Variation in behavior, regardless of whether it is discontinuous or continuous, is strongly influenced by developmental processes (Caro and Bateson 1986 , Meaney 2001 , Stamps 2003 ; it is heritable (Benus et al. 1991 , Sinervo and Zamudio 2001 , Drent et al. 2003 ; it depends on the abiotic, biotic, and social environments (Emlen 1997 , Benus and Henkelmann 1998 , Groothuis and Carere 2005 ; and it has profound fitness consequences (Shuster 1989 , Ryan et al. 1992 , Dingemanse and Reale 2005 , which affect populations and thereby have important ecological and evolutionary implications (Gross 1991 , Bolnick et al. 2003 , Sih et al. 2004a . The most significant difference between alternative allocation phenotypes (AAP) such as ARTs and behavioral syndromes (BS) seems to be the form of the trait distributions. AAP are characterized by discontinuous or bimodal/multimodal phenotype distributions (Chapters 1 and 2), whereas BS usually show a continuous, unimodal distribution (Wilson et al. 1994) . In both cases, it is of paramount interest to understand the ultimate and proximate mechanisms causing and maintaining behavioral variation within populations.
Students of ARTs can learn from BS research that individual differences in behavior can represent limited plasticity. If behavioral tendencies "carry over" between different contexts due to the make-up of an organism, "optimal" responses to particular problems might not be expected (Sih et al. 2004b) . Imagine a benefit exists in a population for high aggression levels in competition for food resources. Individuals thereby selected to be very aggressive may not be able to overcome such tendencies in the reproductive context. In other words, they may be predisposed to perform a bourgeois reproductive tactic, even if a parasitic tactic may provide higher rewards. The important message here is that correlations among traits can act as evolutionary constraints (Duckworth 2006 ). We may not find the expected optimal behavior because correlated responses to selection on nontarget traits can depend on genetic correlations (Lande and Arnold 1983, Roff and Fairbairn 1993) . Traits may evolve together as packages. It would be worth studying also in the context of ARTs, which behaviors are correlated across which contexts, how stable these correlations are, and which evolutionary processes and physiological mechanisms might be responsible for the existence of such correlations. This is an addition to the 12 pertinent questions asked in Chapter 1 to aim at a comprehensive understanding of the evolution of ARTs.
In return, research on BS may benefit from the knowledge of principles developed in the long history of AAP studies (Brockmann 2001) . The theory developed to explain sex allocation, alternative life histories, and ARTs may yield adequate approaches and methods to resolve questions of the coexistence of alternative coping styles (Chapter 2). Conceptual understanding and empirical results have accumulated in the research of ARTs (Chapter 1) that may significantly further the comprehension of BS, at least by turning the focus towards the most urgent questions. The majority of the 12 questions asked in Chapter 1 are also relevant for the study of BS. For example, it seems presently unclear to what extent behavioral types such as shyness or boldness are flexible (or reversible) over a lifetime (Wilson et al. 1993 , Coleman and Wilson 1998 , Frost et al. 2007 . Are threshold mechanisms and developmental switches involved in the generation of diverging behavioral profiles (Groothuis and Carere 2005) , and if so, to what degree are these switches and threshold mechanisms subject to natural selection (Roff 1998) ? The integrative approach to the study of ARTs (Chapters 2, 5, 7, 8, 9, 10, 12, and 15) may be particularly valuable for BS research, because both physiological and evolutionary mechanisms must be considered for a comprehensive understanding of individual variation in behavior (Koolhaas et al. 1999 .
The study of behavioral syndromes still suffers from a lack of quantitative information in most natural systems (Sih et al. 2004b) . A crucial question in BS research is the nature of phenotype distributions. Is the distribution of shy and bold, proactive and reactive, sedentary and roaming behavioral types indeed continuous and unimodal as is usually assumed or is there sometimes evidence for underlying disruptive selection processes? Surprisingly, this question is hitherto largely neglected in the study of BS (Sih et al. 2004a , b, Bell 2007 . If disruptive selection is involved, concepts developed in the study of AAP could be applied. If instead BS are characterized by uniform distributions, the persistence of systematic individual differences in behavior despite apparent absence of disruptive selection needs to be explained. What is the importance of densityand frequency-dependent selection under these conditions (Dall et al. 2004 , Wilson et al. 1994 ? Why is behavioral plasticity hampered (DeWitt et al. 1998 , West-Eberhard 2003 ? To what extent is state dependence involved in the expression of behavioral phenotypes (Dall et al. 2004) ? This is where the study of ARTs and BS can effectively complement one another.
The role of ARTs in speciation
Intraspecific alternative adaptations predispose populations to speciation because they represent fitness trade-offs under natural selection (West-Eberhard 2003) . When divergence in the form of alternative phenotypes has developed, particular variants may be fixed in certain subpopulations due to assortative mating, environmentally mediated change in expression, or frequency-dependent selection. Examples include (1) socially parasitic inquiline ants that reproduce by laying eggs in the colonies of other ant species; there is evidence that these ants have evolved by sympatric speciation due to parallel size-related alternatives in the two sexes (Buschinger 1986; see Buschinger 1990 , Bourke and Franks 1991 , West-Eberhard 2003 . (2) In pacific sockeye salmon Oncorhynchus nerka, some individuals do not migrate to sea but stay in the rivers where they were born to reproduce earlier than the anadromous conspecifics (Thorpe 1989 ). In the male sex, this usually involves parasitic sneaking behavior. In some populations, the marked size difference between stationary and migratory individuals of both sexes apparently leads to assortative mating by size (Foote 1988, Foote and Larkin 1988) , which creates genetic divergence between the anadromous sockeye and nonmigratory kokanee forms (see Foote and Larkin 1988 for references). The ultimate cause for assortative mating in systems with extensive, discontinuous size variation may be the benefit of mating among mates with a similar, precocious life-history type. (3) Lizards have been suggested to nicely demonstrate the importance of secondary sexual signals for the evolution of intrapopulation divergence and sympatric speciation (Lande 1982 , West-Eberhard 1983 . In lizards with intraspecific and intrasexual color polymorphisms and alternative mating behaviors, frequency-dependent selection in combination with assortative mating between like-types and reduced hybrid fitness may further genetic diversification and speciation (Hochberg et al. 2003, Sinervo and Calsbeek 2006) . When assortative mating is not linked to resource competition, genetic drift may break the linkage equilibrium between the trait responsible for mate selection and the respective ecological traits (Dieckmann and Doebeli 1999) , hence leading to reproductive isolation between ecologically diverging subpopulations. (4) Color polymorphisms and negatively frequency-dependent selection that might be associated also with alternative mating behaviors may cause speciation in the rapidly radiating Lake Victoria cichlids (Seehausen and Schluter 2004) . Male-male competition and aggression focused on like-types generates negative assortment of nuptial color patterns among habitats. Whether and to what extent alternative mating behaviors may be involved in this diversification process is yet unclear.
In species with male ARTs, reproductive parasites or "sneakers" may participate in fertilization attempts of other species (Crapon de Caprona 1986 , Taborsky 1994 , Jansson and Ost 1997 , Wirtz 1999 or forcefully copulate with heterospecific females (Seymour 1990 , Russell et al. 2006 . This causes hybridization, a speciation mechanism that is often underrated (Mallet 2007) . It may be particularly important in lineages with rapid adaptive radiation such as the cichlids of the Great African Lakes (Salzburger et al. 2002 , Seehausen 2004 . Interspecific fertilization by reproductive parasites is probably a frequent phenomenon because it is inherently "cheap," i.e., reproductive parasites only contribute sperm and do not invest in secondary sexual characters, courtship, nest building, and brood care (Taborsky 1994) . This is one likely cause of unidirectional hybridization, which is apparently more frequent than reciprocal hybridization (Wirtz 1999) . Phylogenetic analyses of ARTs in fishes suggest that they are distributed near the tips of the phylogenetic trees (Chapter 3), which might indicate a functional link between speciation and the evolution of alternative mating tactics.
ARTs may result from divergent reproductive niches due to habitat differences or when same-sex competitors show bimodal or multimodal trait distributions caused by natural selection (Chapter 2; Denno 1994 , Skú lason and Smith 1995 , Pigeon et al. 1997 , Danforth and Desjardins 1999 , Jonsson and Jonsson 2001 . Trophic morph divergence, for example, may strongly affect reproductive options and thereby relate to the mating tactics used, such as in Arctic charr (Jonsson and Jonsson 2001, Snorrason and Skúlason 2004) . This may drive speciation by disruptive selection under conditions of at least minimum ecological contact between the diverging lines (Smith and Skúlason 1996) , whereby reproductive isolation may evolve surprisingly quickly (Hendry et al. 2000) . When gene flow becomes severely restricted, further morph specialization may ensue, which finally gives rise to new species (Snorrason and Skúlason 2004) . This is a promising area for future research into evolutionary mechanisms underlying speciation on the basis of intraspecific morph divergence.
BROADER IMPLICATIONS OF ARTS
The study of ARTs can contribute much to our understanding of fundamental issues in biology (as discussed above), but it can also contribute to our understanding of applied problems. In this section we address a few of these topics.
ARTs in conservation
Conservation is a growing field of knowledge in which the maintenance of biodiversity is a key goal. In conservation the species is the commonly used unit of biodiversity and intraspecific variations are usually overlooked (but see Bolnick et al. 2003) . However, intraspecific variation represents an important component of ecologically functional diversity within a species and this translates into adaptive genetic variation of the population and hence its evolutionary potential. This means that polyphenisms including ARTs are a valuable part of biological diversity and should be considered in conservation actions. For example, the occurrence of sneaker males in the peacock blenny Salaria pavo is limited to lagoon populations in southern France and in southern Portugal (Ruchon et al. 1995 , Gonçalves et al. 1996 . Apparently, the scarcity of nest sites in the nearshore lagoon environments poses a constraint on male reproductive rate in this crevice-nesting species and the operational sex ratios become female biased ( J. Saraiva and R.F. Oliveira, unpublished data) . This leads to a sex-role reversal in courtship behavior, with females taking the leading role in courtship in the lagoon population (Almada et al. 1995) . ARTs are also present among males in these populations, with younger and smaller males mimicking female courtship behavior in order to gain access to nests during spawning episodes (Gonçalves et al. 1996) . Hence, although this species is common in rocky shores in the Mediterranean Sea and in adjacent areas from northern Morocco to the Bay of Biscay (Zander 1986) , the lagoon populations deserve a special conservation status for the intraspecific variation they exhibit.
The occurrence of intraspecific diversity should be preserved not only because of their intrinsic interest as unique biological phenomena, but also because such local adaptation adds to the species genetic assets and flexibility and thus can contribute to the evolutionary potential and long-term survival of the species (Buchholz and Clemmons 1997) . This is illustrated by our discussion of the potential role of ARTs in speciation. But species with ARTs may also maintain greater intraspecific genetic diversity than populations without such variation. For example, alternative dispersal tactics, which are often associated with ARTs (Chapters 2 and 8), will influence genetic variation and population viability as well as the effectiveness of release programs (Thomas et al. 2000) . One problem in the conservation of highly sexually selected species, which are some of our most spectacular species, is that genetic diversity and the effective size of the breeding population is constrained by the presence of a few highly preferred males (Parker and Waite 1997) . However, when ARTs are present, genetic variance is more likely to be maintained and inbreeding problems reduced.
The presence of ARTs should be considered whenever human intervention is planned. For example, an effort to increase the number of nest sites for rare cavity-nesting birds by placing nest-boxes in the environment at high densities had an unanticipated result, an increase in intraspecific brood parasitism (Eadie et al. 1998 ). This facultative, female reproductive tactic turned out to be density dependent and an increase in nesting sites ended up decreasing population growth. ARTs should also be considered in resource exploitation, since harvesting may lead to the selective removal of one of the reproductive morphs. For example, because bourgeois males are larger than parasitic males, and because harvest activities are usually directed towards the largest individuals in the population, bourgeois males are more likely to be removed. The effects of selective removal of specific morphs on population persistence and genetic diversity are still poorly understood. However, it can be predicted that the removal of larger individuals may influence life-history decisions leading to a reduction in size at sexual maturity and concomitantly to a reduction in female fecundity (assuming size-dependent fecundity) (Vincent and Sadovy 1998) . Also, the differential removal of males in a population may lead to sperm limitation and consequently to a reduction in female fecundity with an impact on population persistence (e.g., male biased capture in ungulates: Ginsberg and Milner-Gulland 1994) .
Knowledge of ARTs has already influenced management decisions. In the United States, sunfishes (Lepomis spp.) are an important resource for sport fishing and some species of sunfish exhibit ARTs consisting of three male types: nest-guarding parental males, female-mimicking satellite males, and sneaker males that dart into the nests of parental males during spawning to release sperm (Gross 1982) . The fishery disproportionately removes parental males both because they are larger and because they are site-attached to their nests making them easier to target. As a consequence the unguarded eggs and larvae of captured parental males are cannibalized by other individuals, thus reducing the survival of the young. To control the impact of this selective removal, fisheries management policies were revised and the frequency of alternative males in the population is being controlled (M. Gross, personal communication, in Vincent and Sadovy 1998) . Similarly, increased fishing pressure on the large, anadromous, hooknose male salmon may end up increasing the proportion of the less desired, small jacks in the population (Gross 1991b ).
ARTs in pest management
The occurrence of alternative reproductive phenotypes can play a key role in the effectiveness of pest management strategies, since variants can be maintained or selectively targeted by specific pest management practices. Red imported fire ants Solenopsis invicta introduced into the United States from South America in the 1930s and 1940s rapidly became a pest in southern states because of their negative economic impact. They produce large nest mounds that may damage agricultural equipment or even promote the collapse of road sections by removing the soil under the asphalt; they inflict significant damage to agricultural crops (e.g., soybeans, eggplant, corn, etc.) and livestock; and they have a painful sting that may be dangerous to sensitized people that develop an allergic reaction to their venom. Different pest management methods have been developed to control the populations of the red imported fire ant, including pesticides and biological control agents. Recently a microsporidian pathogen (Thelohania solenopsae) with a high prevalence rate that may reduce or even kill colonies has been detected in the US populations of fire ants, thus having a potential role as a biological control agent (Williams et al. 2003) . Since T. solenopsae can be transmitted by the introduction of infected broods into a colony, the degree of inter-colony brood transfer is a key factor for its spread. In fire ants two types of social organization are commonly present: monogyny, in which a single egg-laying queen is present per colony, and polygyny, in which multiple queens are present per colony (Ross and Keller 1995) . These two ethotypes also differ in their social behavior: polygyne colonies exchange workers, food, brood and mated females, whereas monogyne colonies are very territorial (Tschinkel 1998) . Therefore, the social structure of the colonies is expected to moderate the infection by T. solenopsae. As predicted, polygyne colonies have a much higher prevalence of this infection in the field (Oi et al. 2004 , Fuxa et al. 2005 ) and a longer persistence and faster spread of infections started in the laboratory than monogyne colonies (Oi 2006 , Preston et al. 2007 ). Therefore, by affecting the dynamics of the microsporidium infection, the multiple social forms of these fire ant populations play a key role when considering the potential of this pathogen as a biological agent in pest management.
ARTs in medicine
Medical research is mainly focused on explaining how the body systems work and why some people are more vulnerable to a particular disease than others. The proximate mechanisms of disease vulnerability are commonly seen as resulting from evolutionary "defects" and random processes. More recently, the role of evolutionary constraints and host-parasite co-evolution have also been implicated in evolutionary approaches to the study of disease (Nesse and Williams 1998) . The study of ARTs provides a different conceptual framework that promotes the view that genetic variants are likely to represent evolved alternative adaptations for different environments instead of the classic view as malfunctioning phenotypes. This ARTs view of adaptive variation is relevant to understanding the evolution of hostparasite interactions, the evolution of and spread of disease organisms, and antibiotic resistance.
ARTs in evolutionary psychology
The study of ARTs may help to explain the evolution of apparently nonadaptive human characters such as homosexuality. Same-sex sexual behavior is present in a large number of species from different vertebrate taxa, and it is commonly associated with ARTs (Bagemihl 1999) . In humans sexual orientation shows marked sex differences: male homosexuality presents a somewhat bimodal distribution, whereas female homosexuality displays a more continuous distribution, from strictly heterosexual to strictly homosexual individuals (LeVay 1996) . Therefore, the distribution of male homosexuality in humans resembles the discrete distribution of ARTs. However, despite displaying a similar pattern to same-sex sexuality in animals (e.g., female mimicry in males in order to get access to breeding females), human homosexuality does not share the same functional explanation. On the contrary, male homosexual behavior is an evolutionary paradox since it is associated with decreased direct reproduction and other hypotheses, such as kin selection, also fail to account for its maintenance in the population (Bobrow and Bailey 2001) . This paradox is further stressed by the prevalence of homosexuality in different cultures and by the fact that at least part of the variation in sexual orientation has a genetic basis (see Bailey et al. 2000 and references therein) .
Thus, by providing the theoretical basis and the methodologies for the study of discrete, within-sex variation in sexual behavior, the study of ARTs may also contribute to the rigorous study of the complexities of human social behavior.
ARTs in education and the public understanding of science
Finally, we would like to finish the last chapter of this book by drawing attention to the fact that ARTs are an excellent topic for popular science films and books since they provide strong narratives that may increase the impact of science communication (Dingwall and Aldridge 2006) . In this respect it is worth mentioning that one of the first scientific studies of ARTs was published by Desmond Morris (Morris 1952) , one of the most active popular-science writers today. Moreover, since the boom in popular-science publishing during the 1990s, ARTs are being portrayed in many wildlife films and documentaries and featured in popular books (e.g., Judson 2002 , Crump 2005 . These popular accounts of ARTs communicate to the public both fascinating biology and important biological concepts, such as the role of evolution in maintaining variation in populations. We hope that in the near future ARTs can be further used in conveying to the general public one of the basic advances in biology in the last few decades that two levels of explanation are needed for the full understanding of any biological trait: (1) an evolutionary explanation regarding its function; and (2) a proximate explanation for how it works. These two levels should not be taught separately since they complement one another; the teaching of this emerging corollary of modern biology to the general public will be a challenge that represents "integration" at still a higher level.
